I. Introduction
There have been a large number of studies made using sophisticated experimental techniques to examine the structure of grain boundaries. Transmission electron microscopy studies have revealed the dislocation content of various boundaries (see, for example, Ref. 1) and the rigid body translation between the two crystals neighboring the boundary (2). For tilt boundaries, high resolution microscopy techniques have provided information with resolution approaching atomic dimensions (3, 4) . Electron and X-ray diffraction studies have demonstrated through observations in reciprocal space that the boundary is periodic (5), that well defined patterns of relaxation exist (6) and that the boundary structural width can be measured (7) . To date, however, none of these experimental techniques have proved capable of determining, without ambiguity, the exact location of all atoms in the grain boundary region. On the theoretical side, sophisticated computer modelling techniques have been developed which can determine the detailed atomic structure of boundaries but which also suffer from a number of limitations. Most notable of these is the choice of a realistic interatomic potential.
As a step towards obtaining a believeable atomic structure, several studies have attempted to correlate experimental observations with structures generated by computer modelling. This approach has met with a certain degree of success with determinations of translation states (8), projected tilt boundary structures (9) and, most recently, of the complete core structure of a twist boundary (10). In the latter study the intensities of extra grain reflections from a z=13*(e=22.62°) [001] twist boundary in gold measured with X-ray diffraction were compared with the structure factors of computer generated boundary structures. The present paper describes how the diffraction approach can be used to determine a grain boundary structure, presents the first determination of a boundary structure made using only diffraction information (11), compares boundary structures in different metals (12), discusses grain boundary structural width measurements, and then makes generalizations concerning the structure of large angle [001] twist boundaries based on diffraction observations. * I is the reciprocal of the density of coincidence sites.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982611 I n o r d e r t o b e t t e r understand t h e d e t a i l s o f t h e experimental r e s u l t s , i t i s w o r t h w h i l e t o examine t h e r e c i p r o c a l l a t t i c e a s s o c i a t e d w i t h t h e g r a i n boundary. A l l o f t h e X-ray o b s e r v a t i o n s a r e made on manufactured b i c r y s t a l s (see r e f e r e n c e 13 f o r d e t a i l s ) , one o f which i s shown s c h e m a t i c a l l y w i t h a small a n g l e t w i s t boundary a t i t s midplane, i n Fig. 1 (a) . The r e c i p r o c a l l a t t i c e o f t h i s boundary i s shown s c h e m a t i c a l l y i n Fig. l ( b ) , where t h e H and K axes l i e p a r a l l e l t o t h e boundary, and t h e L -a x i s i s normal t o t h e boundary plane. The p e r i o d i c s t r a i n f i e l d a s s o c i a t e d w i t h t h e g r a i n boundary g i v e s r i s e t o e x t r a r e f l e c t i o n s , which a r e shown i n t h e f o r m o f r e c i p r o c a l l a t t i c e rods ( r e l r o d s ) s i n c e t h e boundary i s n o t p e r i o d i c a l o n g t h e z -d i r e c t i o n . R e f l e c t i o n i n t e n s i t i e s i n t h e L=O plane a r e r e l a t e d t o t h e s t r u c t u r e o f t h e boundary p r o j e c t e d o n t o t h e boundary p l a n e w h i l e t h e l e n g t h o f t h e r e l r o d s i s r e l a t e d t o t h e boundary w i d t h . The s t r u c t u r a l i n f o r m a t i o n discussed i n t h i s paper comes f r o m measurements made on e i t h e r t h e s t r u c t u r e f a c t o r s i n t h e L=O plane (FHKO) o r t h e r e l r o d p r o f i l e s a l o n g t h e L d i r e c t i o n . Fig. 2 (d,e) shows t h e symmetry elem n t s o f two h i g h symmetr t r a n s l a t e d s t a t e s c h a r a c t e r i z e d by DSC t r a n s l a t i o n s h / 2 and 61+62/2 (where 8 1 and 62 a r e t h e orthogonal DSC b a s i s v e c t o r s i n t h e p l a n e o f t h e boundary (14)).
Other t r a n s l a t i o n s a r e p o s s i b l e , and f o r these cases, t h e number o f symmetry elements decreases. The symmetry o f t h e u n i t c e l l can be determined f r o m t h e e x p e r i m e n t a l l y observed s t r u c t u r e f a c t o r r u l e s . The s t r u c t u r e f a c t o r r u l e s f o r t h e t h r e e t r a n s l a t i o n s t a t e s shown i n F i g 2(c,d,e) a r e g i v e n i n t h e Table. A c o m p l i c a t i o n i n t h i s a n a l y s i s a r i s e s f o r t h e 61/2 t r a n s l a t i o n s t a t e , where t h e a c t u a l boundary s t r u c t u r e c o u l d c o n s i s t o f a m i x t u r e o f domains w i t h t h e same t r a n s l a t i o n s t a t e , b u t d i f f e r e n t o r i e n t a t i o n s . For xample, i n d i f f e r e n t areas o f t h e boundary t h e t r a n s l a t i o n can be e i t h e r 61/2 o r 92/2, y i e l d i n g two domains. I t i t h i s case t h e s c a t t e r i n g f r o m t h e two domains w i l l average t o g e t h e r i n such a way t h a t t h e r e a r e no l o n g e r s t r u c t u r e f a c t o r f o r b i d d e n r e f l e c t i o n s and more s y m e t r y i s shown i n t h e d i f f r a c t i o n p a t t e r n t h a n a c t u a l l y e x i s t s i n any p a r t i c u l a r domain. 
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The d i s t i n g u i s h i n g d i f f e r e n c e between the CSL and a l l other configurations l i e s i n those s t r u c t u r e f a c t o r s e l e c t i o n r u l e s which are r e l a t e d t o t h e presence o f two-fold screw axes. F r he CSL s t r u c t u r e , F (H=odd) and FOK0(K=odd) must be ero, whereas f o r t h e ( i 1+ 8 2)/2 t r a n s l a t i o n orHoOfor a mixture o f domains w i t h 6112 and a212 t r a n s l a t i o n s , i n t e n s i t y can be present a t these positions. The observations o f Budai, Bristowe and Sass (11) Fig. 2 ( a ) ) . Most o f the experimental observations are i n the L=O plane (see Fig. 1 ( a ) ) , which contains information o n l y on t h e x,y coordinates. Thus t h e study here w i l l be concerned w i t h determining t h e p r o j e c t e d boundary s t r u c t u r e .
The assumption t h a t s i g n i f i c a n t atomic r e l a 
c. c r y s t a l . Thus t h e o b s e r v a t i o n t h a t i n t h i s s t r u c t u r e these atoms move a p a r t i s p h y s i c a l l y q u i t e reasonable. Examination o f t h e boundary s t r u c t u r e shows t h a t i t e x h i b i t s symmetry r e l a t e d displacements which can be i n t e r p r e t e d as l o c a l r o t a t i o n s about ' 0 ' elements. For [OOl] t w i s t boundaries, t h e ' 0 ' elements c o n s i s t o f rods l y i n g p e r p e n d i c u l a r t o t h e boundary, some o f which pass through CSL s i t e s (15). The degree o f r o t a t i o n i s l a r g e (~2 0 " ) . A t t h i s p o i n t , i t i s i m p o r t a n t t o a t t e m p t t o understand t h e c=5 boundary s t r u c t u r e i n terms o f more general p h y s i c a l concepts which may be a p p l i c a b l e t o o t h e r boundaries. The e x i s t e n c e o f r o t a t i o n a l t y p e r e l a x a t i o n s i n g r a i n boundaries was f i r s t recognized i n connection w i t h l o w angle t w i s t boundaries ( 1 ) . Here, t h e observed s t r u c t u r e can be i n t e r p r e t e d as l o c a l r o t a t i o n s about ' 0 ' p o i n t s o f approximately 6 / 2 which produced l a r g e areas o f n e a r p e r f e c t l a t t i c e separated by narrow r e g i o n s o f m i s f i t ( l a t t i c e screw d i s l o c a t i o n s ) . C l e a r l y , i f l o c a l r o t a t i o n s
o f about 9/2 a r e t o occur i n l a r g e a n g l e boundaries then l a r g e atomic displacements would be i n v o l v e d . Such displacements were n o t found t o occur i n t h e ~= 5 computer s i m u l a t i o n s (11) b u t were a r e s u l t o f t h e d i f f r a c t i o n a n a l y s i s , as can be seen i n F i g . 3.
F u r t h e r i n s i g h t i n t o t h e b n i q u e n a t u r e o f t h e r e l a x a t i o n s a s s o c i a t e d w i t h t h e s t r u c t u r e generated by t h e d i f f r a c t i o n a n a l y s i s can be gained by examining F i g . 4 ( a ) which shows s i x unrelaxed u n i t c e l l s c o n t a i n i n g o n l y t h e atoms i n t h e f i r s t planes above and below t h e boundary. As mentioned e a r l i e r , t h e r e l a x a t i o n of any " w h i t e " atom depends on a balance between t h e r e p u l s i v e f o r c e s o f t h e nearby " b l a c k " atoms and t h e r e s t o r i n g f o r c e o f t h e " w h i t e " s i n g l e c r y s t a l . F i g u r e 4 ( b ) shows t h e s t r u c t u r e determined by t h e d i f f r a c t i o n a n a l y s i s . The " w h i t e " atoms a r e l o c a t e d approximately on t h e edges o f t h e CSL u n i t c e l l , p o s i t i o n s o f s p e c i a l symmetry. It can be seen t h a t t h e magnitudes o f t h e r e l a x a t i o n s a r e such as t o maximize t h e d i s t a n c e between t h e " w h i t e " and " b l a c k " atoms. Fig. 4(c) the s i t u a t i o n i n t h e v i c i n i t y o f a u n i t c e l l corner i n Fig. 4(a,b) i s shown b u t now w i t h the 2nd, 4th, 6th, etc., planes above t h e boundary i n d i c a t e d by a black c i r c l e e a n d t h e l s t , 3rd, 5th, etc., planes below the boundary i n d i c a t e d by a white diamondo. Here i t i s seen t h a t t h e o atom i n the Fig. 5(a,b) using the H,K n o t a t i o n f o r the CSL u n i t c e l l . C l e a r l y present i n the Au p a t t e r n are several g r a i n boundary r e f l e c t i o n s . These can be compared t o the p a t t e r n from Ag i n Fig. 5(b) and i t i s seen t h a t t h e r e l a t i v e i n t e n s i t i e s o f the r e f l e c t i o n s i n the two patterns are q u i t e s i m i l a r . For example, 1 i s t i n g the observed r e f 1 ections i n decreasing order o f i n t e n s i t y y i e l d s the sequence 6,6; 4,4; 2,6; 3,5 plane, i t w i l l be i m p o r t a n t t o understand i n a q u a n t i t a t i v e manner t h e f a c t o r s t h a t a f f e c t t h e i n t e n s i t y d i s t r i b u t i o n a l o n g t h e r e l r o d .
V. General Conclusions
A. D i f f r a c t i o n techniques can be used t o o b t a i n i n f o r m a t i o n on t h e d e t a i l e d atomic s t r u c t u r e o f l a r g e a n g l e g r a i n boundaries. I n p a r t i c u l a r i t i s p o s s i b l e t o determine 1) t h e symmetry and, from t h i s , t h e t r a n s l a t i o n s t a t e o f t h e boundary s t r u c t u r e , 2) t h e p r o j e c t e d atomic s t r u c t u r e and 3) t h e s t r u c t u r a l w i d t h o f t h e boundary.
B. The c=5(e=36.g0) and 1=13(0=22.6") [OOl] t w i s t boundaries i n Au were shown t o be i n t h e u n t r a n s l a t e 
